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1  |  INTRODUC TION

In Alpine landscapes, most valleys form in a complex evolutionary 
sequence of widening and deepening controlled by channel inci-
sion and hillslope erosional processes (Harbor,  1992; MacGregor 
et al., 2000). Their efficiency is determined by the erosive power of 
the incising glacio-fluvial system and by the physical parameters of 
the bedrock. For example, unroofing of basement units in the core 
of mountain ranges is often associated with their lower erosional 
susceptibility to fluvial and glacial erosion (e.g., Carroll et al., 2006; 
Kühni & Pfiffner, 2001). However, such units are commonly affected 
by a large number of deformation structures (joints, faults, shear 
zones) induced during orogenesis (e.g. Molnar et al.,  2007; Neely 
et al., 2019). Spatial variations in the occurrence of such deformation 
structures may lead to significant variability in relief production and 
erosional susceptibility (Patton et al., 2016; Steinemann et al., 2021; 
Whipple et al., 2000).

Geomorphological studies demonstrated that, under both glacial 
and fluvial settings, plucking and abrasion represent the two major 
channel incision erosional processes. While the first one dominates 
in densely fractured domains, the second one prevails in unfractured 
rock masses (Dühnforth et al., 2010; Sklar & Dietrich, 2001). Beside 
the incision processes, an increased fracture density also affects 
the stability of slopes resulting in hazardous landslide and rockfall 
events especially after glacial retreat (DiBiase et al.,  2018; Moore 
et al., 2009).

So far, a direct link between a quantitative survey of fault distri-
bution and valley morphology has received little attention. Yet un-
derstanding the spatial distribution and kinematics of fault patterns 
is a fundamental prerequisite not only for constraining valley-scale 
relief production and incision, but also for numerical models predict-
ing valley evolution. In this study, a multi-methodological approach 
was followed to test the role of differential frequency distribution 
and orientation of faults in the valley morphology evolution of 
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Abstract
Understanding how bedrock properties influence the valley-forming processes of 
Alpine landscapes is an outstanding challenge. A multi-methodological approach was 
used to uniformly quantify fault frequency, orientation, and rock hardness of crystal-
line basement rocks to evaluate their impact on the erosional processes that shaped 
the valley of the Aletsch Glacier, Switzerland. We show how variations in fault fre-
quency and orientations, imposed by the inherited collisional framework of the area, 
controls the local erodibility of the valley, affecting both hillslopes and channel ero-
sion processes. Our results highlight how tectonic preconditioning exerts a first-order 
control on the efficiency of erosion in the mountain chain, elucidating an integral 
link between deep-seated collisional dynamics and surface-based mountain shaping. 
Moreover, our results express the importance of a uniform, quantitative characteriza-
tion of bedrock properties to comprehend the interaction and variability of erosional 
processes and hazards distributed within the valley systems.
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the Aletsch Glacier (Central Switzerland); the largest glacier in the 
European Alps. This framework was used to evaluate landscape-
scale valley morphology as a response to rock strength variation 
and structural variability to discuss implications for connections 
between collision geodynamics, landscape evolution, and natural 
hazards.

2  |  GEOLOGIC AL SET TING

The study area is located in the central Aar Massif, one of the 
External Crystalline Massifs of the European Alps, which recorded 
a long-lasting exhumation history. Differential uplift occurred along 
steep massif parallel fault and thrusts, consisting of mylonites, ultra-
mylonites and prograde formation of cataclasites, fault gauges and 
breccias (see Appendix A and references therein). This resulted in 
both an N-S increasing metamorphic grade (up to the upper green-
schist facies ~450°C; Herwegh et al.,  2020; Nibourel et al.,  2021) 
as well as a denser fault network. Given the both ductile and brittle 
nature of the structures, we refer to them in general as faults fol-
lowing the nomenclature of Sibson (1977). The exhumation acceler-
ated in the last 1–2 million years due to the effect of glacial erosion 
(Fox et al., 2016; Glotzbach et al., 2010; Valla et al., 2011) and is still 
ongoing, as observed in differential rock uplift and seismic activity 
(e.g. Fäh et al., 2011; Schlatter et al., 2005). The valley object of this 
study is sculpted by the Great Aletsch Glacier and the Massa River 
(Figure 1a,b), with total length of ~30 km, of which ~22 km is occu-
pied by the Aletsch Glacier. The bedrock units of the valley consist 
of migmatitic gneisses, granites, and granodiorites (Figure 1a). While 
the northern and southern part of the valley are underlain by mig-
matitic gneiss units (Figure 1a; Berger et al., 2017), fluid-altered mig-
matitic gneisses alternating with granite and granodiorite intrusion 
bodies occur in the central part (Figure 1a; Berger et al., 2017). The 
migmatitic gneiss units display a pre-Alpine foliation along which the 
faults localized (Wehrens et al., 2016).

In the North, three tributary glaciers converge at a triple junction 
named Konkordiaplatz and feed the main glacier (Figure 1a), coincid-
ing with a large-scale ~350 m overdeepening (after Grab et al., 2021, 
Figure 1a). Further downstream the Aletsch glacier flows along a rel-
atively straight NW-SW trending section before it abruptly changes 
its flow into NE–SW direction as induced by a series of ~30–50° 
turns, punctuated by a sequence of overdeepenings. The southern 
domains of the area are highly unstable as documented by several 
large-scale rock slope failures and rockfalls mostly related to recent 
glacial retreat (Glueer et al., 2019; Truttmann et al., 2021).

3  |  METHODOLOGY

After a detailed field-based structural investigation (see Appendix A), 
a multi-methodological approach was employed to characterize and 
quantify the bedrock properties and hillslope morphology in a spa-
tially uniform way over the entire study area.

(i) Remote sensing: The frequency distribution of the faults in the 
area was investigated remotely using a scan-line approach (Brooks & 
Allmendinger, 1996) continuously applied at the large-scale (1:2500), 
over the entire area, and at a more detailed scale (1:100) at four field 
locations (Figure 1a). The large-scale scan-lines consist of a sequence 
of individual segments oriented perpendicular to the main trend of 
the faults (Appendix B). Each linear feature detectable on orthopho-
tos (raster resolution of 0.5 × 0.5 m) and hillshade maps (2 × 2 m ras-
ter resolution) being continuous for 100 m across the scan-line was 
sampled as a fault. The data were then projected onto a unified pro-
file (Figure 1a, trace AA’), and plotted in a frequency histogram. The 
detailed-scale remote sensing frequency analysis was performed 
over UAV-based orthophotos and hillshade maps (raster resolution 
of 2.5 × 2.5 cm) at four different locations (Figure 1a and Table S2). At 
each location, the scan-lines were oriented perpendicular to the main 
trend of structures, and at locations 2, 3, and 4 also parallel to the main 
structural trend (Figure S6). This sampling strategy allowed obtaining 
the spatial pattern of faults, which in turn provided information about 
2D block sizes available for channel and slope erosion processes.

(ii) Relief and slope analysis: To analyse the hillslope morphology 
of the valley both the hillslope angle and the relief were derived from 
120 topographic valley transects perpendicular to the main valley 
axis with a spacing of 250 m. The average hillslope angle and relief 
were calculated on the right and left sides of the valley along each 
valley transect. (See Appendix B)

(iii) Schmidt hammer profiles: Field-based rock hardness analyses 
were performed with a Schmidt hammer (Classic ‘N' type) along the 
scan-lines perpendicular to the structures at locations 1–4 (Figure 1a; 
Appendix B). The rebound values, together with the type of lithology 
and the presence of faults, were collected at regular 1 m sampling 
intervals on exposed rock surfaces parallel to the main foliation or 
related fault planes. The field locations were chosen in close vicinity 
to the glacier and within the Little Ice Age limit (Kelly et al., 2004) to 
ensure minimal weathering of the investigated outcrops.

4  |  RESULTS

Both frequency and typology of faults are not uniform along the 
valley. According to the orientations and kinematics, three struc-
tural domains were characterized in the field (Figures  1c, 2; for 
details Appendix  A). (i) A northern domain that displays gently 
South-dipping thrusts that cut steep reverse SW–NE striking faults 
(Figures 1c, 2a, b); (ii) a central and southern domain with steep re-
verse, SW–NE and SSW–NNE striking faults and SW–NE oriented 
strike-slip to oblique faults (Figures  1c, 2b,c); and (iii) a transition 
zone between the two aforementioned domains at Konkordiaplatz 
(TZ, Figure 1c, see Appendix A) where all the thrusts, reverse and 
strike-slip fault systems coexist. All the described structures are lim-
ited in width (dm–few m), but laterally very persistent and frequently 
traceable over several km.

The large-scale fault frequency analysis reveals variations from 
North to South (Figure 3a). From km 0 to 12.5 of the AA’ transect 
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the faults reach a maximum spacing of 21.5 m. From km 12.5 to 
22, the number of faults increases significantly, reaching a spacing 
of 14 m. These results correlate well with the detailed-scale fault 
frequency analysis (Figure 4). Indeed, transects at locations 1 and 
2 reveal an average spacing, of the main structural trend, respec-
tively of 3.24 m ± 1.90, and 3.42 m ± 2.94. This contrast significantly 
with transects at locations 3 and 4 that reveal an average spacing of 
1.72 m ± 1.28, and 1.46 m ± 0.75. Also, the calculated 2D block sizes 
show larger blocks at location 2 (23.1 m2) and smaller at locations 3 
and 4, 7.5 and 7.4 m2, respectively.

The relief and slope analyses (Figure  3b) show that the accu-
mulation zone, which lies above 2500 m a.s.l., is weakly incised with 
gentle slope angles (20 to 30°) and a relief ranging between 700 to 
900 m. Strong relief (800–1600 m) and steep slopes (20–38°) charac-
terize the central sector, whereas the southern sector exhibit gentle 
hillslopes (>10 to 28°) and a strongly reduced relief (<1000 m).

The field-based Schmidt hammer analysis shows a bimodal dis-
tribution of the hardness measurements in all the investigated lith-
ologies (Figure 3c). When not affected by a fault, all the lithologies 

range within similar hardness values (44 to 51 N/mm3). However, in 
presence of a fault, the rocks' hardness drops systematically to sig-
nificantly lower values of 29 to 34 N/mm3.

5  |  DISCUSSION AND CONCLUSIONS

The field-based Schmidt hammer investigations demonstrate that 
while lithological variations and rock foliation do not induce signifi-
cant changes in rock hardness, the presence of faults considerably 
reduces the bulk rock hardness. Therefore the variations in orienta-
tion and frequency of faults, imposed by the geodynamic collisional 
framework of the Aar massif, are crucial in controlling: (i) bedrock 
erosion processes; (ii) valley axes orientation and morphology; and 
(iii) occurrence of hazardous mass movements in the Aletsch Glacier 
valley. As a function of those structural parameters, the valley mor-
phology responds with a non-uniform susceptibility to bedrock 
erosion coupled in both the bedrock channel and hillslopes erosion 
processes.

F I G U R E  1  (a) Geological map of the investigated area. Purple colour-coded overdeepenings and hillshade of the glacier-bed topography 
after Grab et al., 2021. Active landslide/rockfall distribution from InSAR data (https://siton​line.vs.ch/dange​rs/dange​rs_geolo​gique​s/de/). 
Gf – Grosser Aletschfirn; Jf – Jungfraufirn; Ef – Ewigschneefäld; Kp – Konkordiaplatz; GA – Grosser Aletschgletscher; MR – Massa River. 
WGS84 coordinate system. (b) Large-scale overview (SWISSIMAGE, swisstopo) of the investigated area (white frame). The inset map shows 
the location within Switzerland. (c) Simplified geological section of the structures and lithologies in the study area. Section trace indicated in 
panel (a). [Colour figure can be viewed at wileyonlinelibrary.com]
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5.1  |  Dependency of channel incision processes on 
fault frequency and orientation

Fault frequency controls the erosional processes incising the val-
ley channel as it defines the sizes of the blocks available for erosion 
(Whipple et al., 2000; Dühnforth et al., 2010). High-fault frequency 
bedrock, with mean fault spacing <2 m, is more prone to entrain-
ment of blocks and therefore affected by high glacial and fluvial 
quarrying rates (Hallet, 1996; Patton et al., 2016; Steinemann et al., 
2021). The enhanced quarrying rates lead to the generation of a large 
number of overdeepenings and bedrock riegels (Figure 5a,b). In low-
fault frequency massive bedrock domains, with a mean fault spacing 
>2 m, quarrying becomes ineffective. Hence, the volumetrically less 

efficient abrasion process dominates generating relatively smooth 
bedrock sections (Figure 5a,b).

Fault orientation is another important factor since it determines 
the number of structural sets available for quarrying and the blocks' 
discharge direction. In the Transition Zone (Figure 5a) the three sets 
of faults render block discharge under quarrying very efficient, cre-
ating an ideal convergence point in the Konkordiaplatz overdeep-
ening (> 350 m; Grab et al.,  2021). Furthermore, in the southern 
high-frequency fault domain, the SW–NE and SSW–NNE sets of 
structures establish the blocks' discharge direction under quarrying; 
presumably further exploiting an already formerly existing torren-
tial system. Consequently, the observed sequences of overdeep-
enings and bedrock riegels evolved aligned with the two main fault 

F I G U R E  2  Structural field data (poles and mean poles for the fault planes and orientations of associated stretching lineation, lower 
hemisphere) of the fault structures in the basement units of the investigated area. (a) Stereoplot for the thrusts fault structures. As 
highlighted by the colour code of the poles, the fault planes increase progressively their dip angle from North to South. (b) Stereoplot for the 
reverse faults structures. In the plot, the two mean poles highlight the two different trends. (c) Dataset of the measurements of the strike 
slip faults. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3  (a) Histogram (blue bars) and density curve (orange line) showing the large-scale frequency distribution of structures along the 
AA’ profile (trace and abbreviations indicated in Figure 1a). Bin size of 300 m; the grey bars indicate no-data areas, that is areas covered by 
Quaternary deposits (see appendix A). (b) Moving averages of the relief (black line) and slope angle analysis (dashed red line) along the AA’ 
profile (see Appendix A). (c) Ridgeline plot of the Schmidt hammer rebound values subdivided into the four lithological groups. The green 
bars indicate the mean rebound values of the intact and the faulted/sheared domains of each lithology. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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trends inducing the glacier's prominent turns in the flow direction 
(Figures 1a, 2b, 5b).

5.2  |  Hillslope morphology dependency on 
fault frequency

The relief and slope analyses show a strong correlation between 
increasing fault frequency and decreasing bedrock hillslope-scale 
strength, expediting the hillslope erosion processes (e.g., DiBiase 
et al., 2018; Larsen & Montgomery, 2012). Indeed, high relief and 

steep slope angles characterize slopes in less faulted bedrock do-
mains (Figure 5a,c) indicating high stability thresholds in terms of 
rockfalls and bedrock landslides. On the contrary, in highly faulted 
bedrock slopes (Figure  5a,d) low relief and gentle slope angles 
correspond to unstable slopes. This relation has important soci-
etal consequences in mountainous regions since these domains 
coincide with active hazardous large-scale bedrock landslides 
and rockfalls in the investigated area; that is, the currently active 
Moosfluh deep-seated bedrock landslide, one of the largest mass 
movements in the Alps (Glueer et al., 2019; Truttmann et al., 2021; 
Figures 5a,d).

F I G U R E  4  Probability density plots, fitted by a gamma distribution, of the fault spacing along each of the detailed scan lines 
perpendicular (a) and parallel (c) to the main structural trend. (b) Simplified sketch that shows the geometric calculation to derive the 2D 
block sizes at locations 2, 3, and 4. The block is sketched as a grey rhomboid bounded by the NNW – SSE and NW – SE trends of the fault 
structures present at the filed locations. (a) and (b) represent the mean fault spacing measured on the detailed scan-lines, respectively, 
oriented perpendicular and parallel to the main structural trend. [Colour figure can be viewed at wileyonlinelibrary.com]
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5.3  |  Alpine landscape evolution as a direct 
result of collisional tectonics?

From a geodynamic point of view, the fault structures evolved 
as a consequence of vertical tectonics during Alpine collision 

and exhumation (Herwegh et al.,  2020 and references therein). 
Subsurface faults initiated at the crustal level therefore directly af-
fect the efficiency of erosion in the mountain chain, elucidating an 
integral link between deep-seated collisional dynamics and surface-
based mountain shaping. In other words, the efficiency of erosional 

FI G U R E 5 (a) 3D block model of the study area with subdivision into three domains based on the faults' frequency and kinematics. Low-frequency 
(Lf, blue), high-frequency (Hf, red), and transition zone (Tz, green) domains, respectively, with fault spacings of >2 m, < 2 m and coexistence of reverse 
and strike-slip faults. (b) Longitudinal valley profile of the Aletsch Glacier and Massa River; profile trace visible in pane A. The Hf and Tz domains 
coincide with enhanced quarrying activity and the associated presence of overdeepenings and bedrock riegels. Instead, the Lf domains correspond 
to abrasion-dominated smooth bedrock sections. (c); 3D block model representing the hillslopes in Lf domain, box C in panel A. High slope stability 
granted by sparse fault spacing allows for the preservation of high relief and steep slope angles. (d) 3D block model representing the hillslopes in Hf 
domain, box D in pane A. Increased fault density reduces rock mass strength and triggers bedrock mass movements and rockfalls, that is, as expressed 
by the Moosfluh bedrock landslide. This results in a lowered relief and gentle slope angles. [Colour figure can be viewed at wileyonlinelibrary.com]
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processes active in orogenic systems goes hand in hand with the 
inherited collisional tectonic architecture. Changes in the global cli-
mate system enhance then landscape disequilibrium and promote 
valley incision and relief development through both glacial and flu-
vial processes (Valla et al., 2011).

The discussed results express the importance of a uniform, 
quantitative characterization of fault distribution and orientation to 
comprehend the variability and interaction of erosional processes 
distributed within valley systems. Such quantification provides fun-
damental insights into long-term erosional patterns, essential for 
planning future hazards mitigation at the regional scale. This aspect 
is of particular societal relevance given the progressively retreating 
glaciers with consequently exposed oversteepened valley slopes re-
sulting from climate change.
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